Bromeliaceae are largely a neotropical assemblage exhibiting notable morphological, physiological, and ecological variability (Pittendrigh, 1948; Tomlinson, 1969; Benzing and Renfrow, 1974; Smith and Downs, 1974 , 1979 Benzing, 1980; Smith, 1989; Martin, 1994) . Selection for water and nutrient procurement apparently has been an important impetus for evolution in the family, and the independent origin and convergent evolution of features associated with adaptation to extreme environments are recognized components of the evolutionary history of the group (Pittendrigh, 1948; Tomlinson, 1969; Medina, 1974; Benzing, Givnish, and Bermudes, 1985) . Previous assessments of relationships in the family using traditional characters (i.e., morphological and ecological) have been confounded by high levels of homoplasy (Varadarajan and Gilmartin, 1988a) . Consequently, whereas the monophyly of the family and its taxonomic cohesiveness have been strongly maintained, considerable uncertainty exists regarding intrafamilial relationships.
Phylogenetic relationships among the three traditionally recognized bromeliad subfamilies, Tillandsioideae, Bromelioideae, and Pitcairnioideae (Mez, 1935; Smith, 1955; Smith and Downs 1974 , 1979 have been the subject of much speculation and contention (Schimper, 1888; Mez, 1904; Tietze, 1906; Pittendrigh, 1948; Tomlinson, 1969; Benzing, Givnish, and Bermudes, 1985; Smith, 1989) . Only recently have cladistic analyses of both morphological and molecular data been used to address relationships among the primary lines of Bromeliaceae. Gilmartin and Brown (1987) used parsimony analysis of morphological characters to conclude that pitcairnioids are basal in the family, a contention weakened by data matrix errors and the singular use of Velloziaceae as an outgroup (Simpson, 1988) . Using restriction site variation in chloroplast DNA (cpDNA), Ranker et al. (1990) provided evidence supporting three assertions: (1) Tillandsioideae sensu stricto (excluding Glomeropitcairnia) is basal in the family; (2) Bromelioideae and Pitcairnioideae are sister taxa, although the latter may be paraphyletic; and (3) Glomeropitcairnia is phylogenetically distinct from the remainder of Tillandsioideae and may warrant recognition as a subfamily. Sampling in the study by Ranker et al. (1990) was limited (i.e., 11 taxa and 18 restriction site mutations), and conclusions were restricted to subfamily relationships. Parsimony analysis of rbcL sequences (Clark and Clegg, 1990 ) is in agreement with the findings of Gilmartin and Brown (1987) in placing Pitcairnioideae near the base of the family. However, a notable feature of the rbcL study (Clark and Clegg, 1990) is the instability of the data with respect to resolution of subfamily relationships (i.e., maximum-likelihood analyses of all data and of third codon positions alone support Bromelioideae and Tillandsioideae, respectively, as basal in Bromeliaceae). Lastly, cpDNA restriction site variation studies by Givnish, Sytsma, and Smith (1990) , and Givnish et al. (1992) resolve Pitcairnioideae and Tillandsioideae as sister taxa, and place Bromelioideae basal in the family. The details of these studies remain unpublished.
In this study, comparative sequencing of the plastid locus ndhF is used to examine subfamily relationships in Bromeliaceae. In addition, the placements of several tax-onomically difficult genera (e.g., Brocchinia, Glomeropitcairnia, Navia) are examined. ndhF, a locus that putatively encodes a chlororespiratory peptide, is approximately twice as variable and over 50% longer than rbcL (Wolfe, 1991; Olmstead, Sweere, and Wolfe, 1993; Olmstead and Palmer, 1994; Olmstead and Sweere, 1994) . Recent studies have used ndhF sequences to resolve phylogenetic relationships in dicot (Olmstead and Sweere, 1994; Scotland et al., 1995; Olmstead and Reeves, 1995) and monocot (Clark, Zhang, and Wendel, 1995; Neyland and Urbatsch, 1996) families.
MATERIALS AND METHODS
Thirty species representing 29 genera, and all bromeliad subfamilies were sampled in the present study. Voucher specimens are indicated in Table 1 . The fraction of genera sampled per subfamily are 15/29 (Bromelioideae), 8/15 (Pitcairnioideae), and 6/6 (Tillandsioideae). Within the constraints of tissue availability, genera were selected that represent the taxonomic, morphological, and ecological variability within bromeliad subfamilies. All Bromeliaceae ndhF sequences used in this study have been submitted to GenBank (Table 1) .
Primers for amplification and sequencing of ndhF ( Fig. 1) were designed for this study following a comparison of published sequences from Nicotiana (Solanaceae), Oryza (Poaceae), and Barleria (Acanthaceae), as well as partial sequences from Bromeliaceae (Vriesea vittata, Tillandsia utriculata, Guzmania spectabilis, and Ronnbergia petersii). Initial ndhF sequences for Bromeliaceae were obtained in a preliminary study using primers published in Olmstead and Sweere (1994) . Most genomic DNAs were isolated using the method of Doyle and Doyle (1987) , although extremely mucilaginous tissues were extracted using an organic step-gradient procedure (R. Wallace, Iowa State University, personal communication). Extracted DNAs were amplified for ndhF in a two-step protocol using the polymerase chain reaction (PCR; Mullis et al., 1986) . The first step involved symmetric amplification (Erlich, 1989; Innis et al., 1990) of the locus in two overlapping fragments. The 5' and 3' fragments of the gene were amplified using primer pairs 032F-1101R and 745F-2110R, respectively (Fig. 1) .
Single-stranded sequencing templates were generated by asymmetric amplification (Kaltenboeck et al., 1992) of double-stranded PCR product as template, and sequenced using the dideoxy method of Sanger, Nicklen, and Coulson (1977) .
Sequences were aligned by eye and analyzed using PAUP, version 3.1.1 (Swofford, 1993) . Nucleotide positions 37-2109 were included in phylogenetic analyses, although the actual number of positions sequenced within this region varied among taxa. Searches for most parsimonious trees, decay analyses, and bootstrapping were all conducted using the HEURISTIC search option and the TBR (tree bisection-reconnection) swapping algorithm with ACCTRAN (accelerated transformation optimization) in effect. All trees were rooted with the ndhF sequence of Stegolepis hitchcockii (Rapateaceae; see Clark et al., 1993; Duvall et al., 1993) . The effect of alternative groupings on tree length was examined using the CONSTRAIN TREES option (Swofford, 1993) . Searches for islands of most parsimonious trees (Maddison, 1991) were conducted by proceeding through 500 replicates of random order entry stepwise addition of taxa, saving all optimal trees. All trees up to four steps longer than optimal were saved in the decay analysis, and 100 replicates of bootstrapping were performed.
Topologies resulting from ndhF sequences and restriction site data were compared by including representatives of only those genera examined by Ranker et al. (1990) in the ndhF matrix (with the exception of Encholirion, which replaced the closely related genus Hechtia; the truncated matrix is hereafter designated DELMAT). Analyses of DEL-MAT, rooted with Stegolepis, were performed to assess the effect of different outgroups on the resulting topologies. All comparative search- es were conducted using the HEURISTIC option in PAUP (Swofford, 1993) .
RESULTS
Thirty ndhF sequences from Bromeliaceae were included in this study. (Bromeliaceae) with the relative position of priming sites indicated. Coding strand (forward) and complementary (reverse) primers are given above and below the line, respectively. Numbers indicate the 5'-most position of the primer relative to start (position 1 on the coding strand) in tobacco. Primer sequences are shown. Asterisks indicate modified versions of previously published primer sequences (Olmstead and Sweere, 1994 Several branches in the ndhF tree are supported by low bootstrap values and few character state changes. Branches delimiting Tillandsioideae, Pitcairnioideae sensu stricto (defined here as excluding Brocchinia; i.e., including Dyckia, Encholirion, Fosterella, Pepinia, Pitcairnia, and Navia), and Pitcairnioideae sensu stricto plus Bromelioideae and Puya all have bootstrap values <70% and are supported by three, one, and two character state transformations, respectively. Tillandsioideae and Pitcairnioideae sensu stricto are unresolved in the strict consensus of all trees up to one step longer than the most parsimonious, and resolution of Pitcairnioideae sensu stricto plus Bromelioideae and Puya is lost at two steps longer in decay analyses. However, the branch supporting Bromeliaceae sensu stricto (defined as all bromeliads included in the analysis excluding Brocchinia), while having a comparatively low bootstrap value (74%), is maintained by eight character state transformations and is resolved in the strict consensus of all trees up to four steps longer than the most parsimonious. Other clades strongly supported by bootstrapping and decay analysis include: (1) Catopsis; (2) Mezobromelia plus Tillandsia, Vriesea, and Guzmania; and (3) Puya plus Bromelioideae. Bootstrap values for these groups are 96%, 100%, and 87%, respectively, and each is present in the strict consensus of all trees up to four steps longer than the most parsimonious.
Results from bootstrap and decay analyses (Fig. 2) Fig. 3 . The majority-rule consensus tree of the 120 most-parsimonious trees. The number of supporting character state transformations inferred from ACCTRAN optimization is given below the internode. Pit. s.s., Pitcairnioideae sensu stricto; Bro, Bromelioideae; Til, Tillandsioideae; Rapat, Rapateaceae.
while placement of Glomeropitcairnia at the base of Pitcairnioideae sensu stricto increased tree length by six steps. Restricting Tillandsioideae to a sister group relationship with either Pitcairnioideae sensu stricto or Bromelioideae plus Puya resulted in length increases of two steps in each case. Other alternative placements and their increase of tree length include: (1) restriction of Puya aequatorialis to a basal position in Pitcairnioideae (seven steps); (2) placement of Navia splendens as the sister group to Bromeliaceae sensu stricto and to Bromeliaceae (three and ten steps, respectively); (3) restriction of Brocchinia to a basal position in either Tillandsioideae or Pitcairnioideae (seven steps in each case).
DISCUSSION
Implicit in taxonomic treatments of Bromeliaceae is the close relationship of the two most ecologically complex subfamilies, Tillandsioideae and Bromelioideae (Smith, 1955; Hutchinson, 1973; Smith and Downs, 1974 , 1979 . Both are largely epiphytic, and possess a host of morphological and physiological attributes associated with these life forms (e.g., reduced root systems, crassulacean acid metabolism [CAM] , and absorbing trichomes). Cladistic analysis of morphological features is supportive of a sister group relationship for Tillandsioideae and Bromelioideae (Gilmartin and Brown, 1987) . Moreover, the relative morphological and ecological simplicity of Pitcaimioideae is consistent with the putative primitiveness of this subfamily, and suggests a more distant relationship with either Tillandsioideae or Bromelioideae. Despite the apparent association of Tillandsioideae and Bromelioideae when considered from an ecological perspective, few of the molecular studies addressing subfamily phylogeny in Bromeliaceae substantiate this relationship (Givnish, Sytsma, and Smith, 1990; Ranker et al., 1990; Givnish et al., 1992) . Phylogenetic reconstruction based on ndhF sequences integrates traditional and molecular perspectives of subfamily relationships in Bromeliaceae in two ways. First, a core component of Pitcairnioideae (i.e., Navia, Pitcairnia, Pepinia, Fosterella, Encholirion, and Dyckia) is resolved as the sister group to the clade containing Puya and Bromelioideae (Fig. 2) . This finding is largely consistent with that resulting from restriction site analysis of the chloroplast genome (Ranker et al., 1990; see below) . Second, the resolution of Brocchinia at the base of the family corroborates the contention that Bromeliaceae is ancestrally pitcairnioid-like with respect to morphology and ecological preference (Fig. 2) . This result is consistent with assertions that epiphytic lines in Bromeliaceae may have arisen independently from an ancestral stock that was morphologically and ecologically comparable to extant Pitcairnioideae (Benzing, Givnish, and Bermudes, 1985; Smith, 1989) . Character state reconstructions for ovary position, fruit type, carbon metabolism, and growth habit indicate that the ancestral state for these characters in Bromeliaceae is the same as the condition typified by most pitcairnioids (R. Terry and G. K. Brown, unpublished data). Furthermore, the common ancestry of Tillandsioideae and Bromelioideae is not supported by leaf morphology, ovary position, or fruit type data. Although Bromelioideae appear exclusively or largely monomorphic for a number of unique features (e.g., inferior ovaries, CAM metabolism, and baccate fruits; see Smith and Downs, 1979) , polymorphism in Puya in ovary position (superior to partly inferior) and carbon metabolism (C3 and CAM) suggest a possible Pitcairnioideae-Bromelioideae linkage.
The results presented here are mostly consistent with the conclusions from Ranker et al. (1990) , except that analysis of ndhF sequences does not support Glomeropitcairnia as a lineage distinct from Tillandsioideae. Topological incongruence between these two studies apparently results, in part, from sampling differences. This is suggested by phylogenetic analyses of DELMAT, the results of which are consistent with those of the restriction site study in identifying three primary lineages in Bromeliaceae (i.e., Glomeropitcairnia, Tillandsioideae sensu stricto, and Pitcairnioideae plus Bromelioideae; results not shown). Moreover, analysis of DELMAT including Brocchinia resolves Brocchinia as basal in the family and repositions Glomeropitcairnia in Tillandsioideae. Incongruence in the ndhF and restriction site trees is probably not attributable to differences in outgroup choice between the studies, because results from analysis of DELMAT are not affected by using either Vellozia (Velloziaceae) or Stegolepis (Rapateaceae) as the outgroup. Trees resulting from analysis of DELMAT differ from that of the restriction site data in three ways: (1) a paraphyletic Pitcairnioideae and a monophyletic Bromelioideae are identified; (2) a Puya-Bromelioideae sister group relationship [Vol. 84 is resolved; and (3) Glomeropitcairnia is the sister group to the remainder of Bromeliaceae, as compared to the sister group of Bromelioideae-Pitcairnioideae (Ranker et al., 1990) . Differences in the number of phylogenetically informative characters may also contribute to inconsistencies between the restriction site and ndhF sequence phylogenies. On a per taxon basis, this study included z112% more phylogenetically useful characters than the restriction site study. Sampling differences notwithstanding, results presented in Fig. 2 are consistent with those based on restriction site analysis (Ranker et al., 1990) in supporting a basal Tillandsioideae and in defining a Pitcairnioideae-Bromelioideae lineage.
Resolution of Brocchinia as the sister group to the remainder of Bromeliaceae further substantiates the distinctiveness of the genus and suggests that recognition of the group as a monotypic subfamily may be warranted. Most treatments have recognized this group of 18 species endemic to Guayana and Venezuela as a pitcairnioid genus (Mez, 1935; Smith, 1955; Smith and Downs, 1974; Smith, 1988) . However, cladistic analysis of morphological features from 16 genera of Pitcairnioideae have led some authors to question the inclusion of Brocchinia in that subfamily (Varadarajan and Gilmartin, 1988b) . A subsequent revision recognized the genus as a monotypic tribe in Pitcairnioideae (Varadarajan and Gilmartin, 1988c) . Seed morphology and ontogeny in Brocchinia are notably different from the remainder of Pitcairnioideae, and similarities to the morphology characteristic of Tillandsioideae seed have been noted (Varadarajan and Gilmartin, 1988c) . Furthermore, the mature tank trichomes of some Brocchinia are distinguished from those of other bromeliads in having living shield (cap) cells that possess an unusual labryrinthine wall organization (Tomlinson, 1969; Benzing et al., 1976; Owen, Benzing, and Thomson, 1988; Owen and Thomson, 1991) .
Most taxonomies of Bromeliaceae recognize the distinctiveness of Navia (101 spp.). Seed morphology has been important in treatments that recognize Navia as representing a monotypic subfamily (Harms, 1930) or tribe (Mez, 1935; Hutchinson, 1973) in Pitcairnioideae (Smith, 1955; Smith and Downs, 1974) . Smith (1934) cited geographical distribution and morphological data in considering the common ancestry of Navia and Rapateaceae. However, he did not consider the genus to be near the base of Bromeliaceae, citing as evidence the rarely semiinferior ovary and unappendaged seed of Navia, both of which are considered derived features in other members of the family (Smith and Downs, 1974 , 1979 . These arguments were marshalled in favor of the hypothesis that Rapateaceae were derived from within Bromeliaceae via Navia (Smith, 1934) . Cladistic analysis of morphological characters is in agreement with the ndhF phylogeny in supporting inclusion of Navia within Pitcairnioideae (Varadarajan and Gilmartin, 1988a) . Furthermore, a Navia-Rapateaceae sister group relationship is not supported by analysis of ndhF sequences in which Stegolepis is included and trees are rooted with Vellozia (Velloziaceae; results not shown). These findings suggest that the distinguishing qualities of Navia are apomorphic although not unique in Pitcairnioideae, because similar ovary position and seed morphologies are present in some Pitcairnia and Brewcaria (Smith and Downs, 1974; Smith, 1988) .
The placement of Glomeropitcairnia (two spp.) has been problematical due to the characters that suggest affinity with subfamilies Pitcairnioideae and Tillandsioideae. Mez (1896) emphasized the semi-inferior ovary in recognizing Glomeropitcairnia as a subgenus of Pitcairnia in Pitcairnioideae. Harms (1930) and Mez (1935) considered seed morphology in treating the genus as a monotypic tribe in Tillandsioideae. Smith and Downs (1977) did not consider tribes and recognized Glomeropitcairnia as one of six Tillandsioideae genera. Studies of subfamily relationship in Bromeliaceae have considered the potential importance of Glomeropitcairnia as a phylogenetic link between Brocchinia and Tillandsioideae (Benzing, Givnish, and Bermudes, 1985) . Results presented here are consistent with those of Gilmartin et al. (1989) in supporting inclusion of Glomeropitcairnia in Tillandsioideae. Weak support in the ndhF phylogeny for inclusion in Tillandsioideae (sensu Smith and Downs, 1977) suggests that Glomeropitcairnia diverged from the remainder of Tillandsioideae soon after the origin of the subfamily.
Puya is a genus of nearly 200 species that occupy rocky slopes of the Andean Cordillera from Chile to Columbia (Smith and Downs, 1974) . Previous taxonomies have unanimously included the genus in Pitcairnioideae based on a number of characters traditionally associated with that subfamily (Baker, 1889; Mez, 1896 Mez, , 1935 Harms, 1930; Smith, 1955; Smith and Downs, 1977; Smith, 1988) . Unique seed types (Varadarajan and Gilmartin, 1988c ) and anthocyanins (Scogin, 1985) have been identified in Puya, although the utility of these characters in delimiting groups within the genus remains unclear. Smith (1934) emphasized the primitive nature of the genus and suggested placement of Puya at the base of Bromeliaceae. More recent studies support placement within Pitcaimioideae (Varadarajan and Gilmartin, 1988a) . Results presented here indicate a well-supported PuyaBromelioideae clade. Other features supporting a PuyaBromelioideae relationship include similarities in foliar scale anatomy (Varadarajan and Gilmartin, 1987) , inferior ovaries (Smith and Downs, 1974) , and CAM metabolism (Smith, 1989; Martin, 1994) . A study of phylogenetic relationships within Puya may be useful in identifying taxa sharing a most recent common ancestor with Bromelioideae, resulting in refined hypotheses of phylogeny and character evolution at the base of the Puya-Bromelioideae clade.
Parsimony analysis of ndhF sequences indicates four major lineages that may be more naturally recognized as subfamilies: (1) Brocchinia, (2) Tillandsioideae, (3) Pitcairnioideae sensu stricto (represented here by Dyckia, Encholirion, Fosterella, Pepinia, Pitcairnia, and Navia), and (4) Bromelioideae sensu lato (Bromelioideae represented here plus Puya). Alternatively, support for a Pitcairnioideae sensu stricto-Bromelioideae clade suggests formal recognition of this group as a subfamily, with tribal designations for Pitcairnioideae sensu stricto, Puya, and Bromelioideae. These results can be interpreted as supporting the previously recognized tribal designations for Glomeropitcairnia (Harms, 1930; Mez, 1935) and .Navia (Mez, 1935; Hutchinson, 1973) , although several taxa throughout the family that are otherwise less distinctive are delimited by equal or greater numbers of nucleotide substitutions. Few of the suggested realignments are based exclusively on sequence data (e.g., Brocchinia, Glomeropitcairnia, and Navia are morphologically quite distinct).
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